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Abstract The oxygen dependence of cytochrome c oxidase
control on succinate oxidation was investigated in saponin-
permeabilized muscle fibers and isolated mitochondria from
mouse quadriceps muscle applying metabolic control analysis.
For this cyanide titrations of the oxygen consumption in the
presence of succinate+rotenone were performed at different
oxygen concentrations in the medium. While with isolated
mitochondria high flux control coefficients were detected only
at oxygen concentrations close to the KM value of cytochrome c
oxidase, with saponin-permeabilized fibers a significant increase
of cytochrome c oxidase flux control was already observed below
130 WM oxygen. The result is in line with the high oxygen
sensitivity of maximal respiration of saponin-permeabilized
muscle fibers (P50 = 33 WM) caused most probably by oxygen
diffusion gradients through the fiber lattice. The oxygen
dependence of cytochrome c oxidase flux control in muscle
fibers can explain the pathological phenotype of mild cytochrome
c oxidase deficiencies in mitochondrial myopathies.
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1. Introduction
Cytochrome c oxidase is the terminal enzyme of the mito-
chondrial respiratory chain which reduces molecular oxygen
to water in a reaction coupled to proton translocation (for
review see [1]). Three subunits of this enzyme are known to
be mitochondrially encoded whose expression is a¡ected in
several mitochondrial DNA diseases [2,3]. However, the im-
plication of mild cytochrome c oxidase de¢ciencies observed
in some of the reported cases remains not understood [4^6].
This is due to the fact that the activity of cytochrome c oxi-
dase is 2^3-fold higher than the activities of the other enzymes
of the respiratory chain [7]. Therefore, a rather low £ux con-
trol coe⁄cient of this enzyme on mitochondrial succinate ox-
idation rate (about 0.2) was observed [7,8]. A threshold value
(at approximately 30% of its maximal activity) was detected
[9], above which changes in cytochrome c oxidase activity
should not a¡ect ATP synthesis. Therefore, small activity
changes reported in mitochondrial myopathies [4^6], aging
[10], mouse models [11] and some neurodegenerative diseases
[12] should not contribute to the pathological phenotype,
since the maximal mitochondrial ATP synthesis rate should
remain una¡ected. To resolve this apparent contradiction, we
investigated the oxygen dependence of cytochrome c oxidase
£ux control in saponin-permeabilized muscle ¢bers. The treat-
ment of muscle ¢bers with low concentrations of the plant-
origin glycoside saponin causes a selective perforation of the
sarcolemma, leaving mitochondria and sarcoplasmic reticulum
intact [13,14]. This technique makes it possible to precisely
control the extramitochondrial medium and the mitochondria
can be investigated under in situ-like conditions. Our results
indicate that the actual £ux control coe⁄cient of cytochrome
c oxidase depends not only on the maximal activity of the
enzyme but also on the oxygen availability within the tissue.
This can serve as explanation for the pathological phenotypes
of mild cytochrome c oxidase de¢ciencies.
2. Materials and methods
2.1. Preparation of muscle ¢bers
About 50 mg of quadriceps muscle from C57BL/10ScSn mice (ob-
tained from Harlan) were used for the preparation of ¢bers. The
quadriceps muscle was rapidly removed, washed and placed in an
ice-cold isotonic NaCl solution. Bundles of muscle ¢bers containing
usually about three single ¢bers were isolated by mechanical dissec-
tion. The saponin treatment was performed by incubation of the ¢ber
bundles in a relaxing solution containing a 10 mM Ca-EGTA bu¡er
(free concentration of calcium 0.1 WM), 20 mM imidazole, 20 mM
taurine, 49 mM K-MES, 3 mM K2HPO4, 9.5 mM MgCl2, 5 mM
ATP, 15 mM phosphocreatine and 50 Wg/ml saponin (pH 7.1) as
described in [14].
2.2. Isolation of mitochondria
The mitochondria from about 1 g of total hindlimb skeletal muscle
from one mouse were isolated according to a procedure developed for
rat skeletal muscle [15]. Using 10 mM glutamate and 5 mM malate as
substrates respiratory control ratios of higher than 6 were routinely
obtained.
2.3. Respiration measurements
The oxygen consumption of permeabilized ¢bers was measured at
25‡C using an Oroboros oxygraph (Anton Paar, Graz) in a medium
containing 5 mM MgCl2, 60 mM KCl, 110 mM mannitol, 10 mM
KH2PO4, 0.5 mM Na2EDTA and 60 mM Tris-HCl (pH 7.4). The
respiration of isolated mitochondria was measured in the same me-
dium containing additionally 2 mg/ml bovine serum albumin.
2.4. Determination of £ux control coe⁄cients
Using speci¢c non-competitive inhibitors, the £ux control coe⁄cient
of an enzyme i can be determined experimentally [7,8,15,16] according
to the following equation:
Ci  3dJ=J=dpi=Imax 1
where J is the £ux through the pathway, pi the concentration of a
speci¢c inhibitor of enzyme i and Imax is the maximal amount of
inhibitor binding sites.
Eq. 1 was used for the calculation of £ux control coe⁄cients of
cytochrome c oxidase. The maximal amount of cyanide binding sites
in the samples (Imax, in nmol/mg protein or in nmol/mg dry weight)
was determined from cyanide titration curves (performed under nor-
moxic conditions) using non-linear regression analysis, accounting for
the dissociation equilibrium of the inhibitor as described in [15,16].
The initial slopes of the titration curves (dJ/dpi) were obtained by
linear regression of the ¢rst three points of the titration. Di¡erent
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oxygen concentrations were adjusted by argon/oxygen equilibration of
the medium. In order to keep almost identical oxygen concentrations
during the entire titration experiment, the potassium cyanide solutions
used in the titrations were made with oxygen-equilibrated water (and
kept in an oxygen atmosphere).
3. Results and discussion
In Fig. 1 the maximal respiration rates of saponin-permea-
bilized mouse quadriceps ¢bers oxidizing succinate+rotenone
are plotted versus the actual oxygen concentration in the meas-
urement chamber (open circles, dotted line, left scale). It is
remarkable that with these ¢bers already at 33 WM oxygen
the respiration rate is about one half of its normoxic value.
This is about 100-fold higher than the Km value of cytochrome
c oxidase for oxygen. For comparison, we determined the oxy-
gen dependence of maximal respiration of mouse muscle mi-
tochondria under identical conditions. It can be seen that this
rate depends to a much smaller extent on the actual oxygen
concentration (¢lled circles, solid line, right scale), with a P50
value of about 2 WM. These data, being in line with previous
reports for permeabilized cardiac myocytes and isolated rat
heart mitochondria [17], point to the extreme importance of
oxygen gradients within the muscle tissue.
To determine if this oxygen dependence of maximal respi-
ration is caused by cytochrome c oxidase and to study the
metabolic consequences of this phenomenon in detail, we ap-
plied metabolic control analysis and determined the £ux con-
trol coe⁄cient of cytochrome c oxidase at di¡erent oxygen
concentrations. For this we performed cyanide titrations of
the succinate (+rotenone) oxidation rate in the presence of
1 mM ADP. To keep the concentration of oxygen in the
measurement chamber at a constant value we used oxygen-
equilibrated inhibitor solutions for the titration experiments.
Typical titrations of succinate respiration of saponin-permea-
bilized ¢bers at two di¡erent oxygen concentrations in
the chamber are shown in Fig. 2. While under nearly nor-
moxic conditions (190 WM oxygen, open circles) the initial
slope of the titration curve is rather £at, indicating a low
£ux control coe⁄cient, already at about 130 WM oxygen (¢lled
circles) a steeper initial slope was detected. Moreover, the
amount of cyanide necessary to cause complete inhibition of
respiration decreased. For the calculation of £ux control co-
e⁄cients according to Eq. 1 we determined the initial slopes of
the titration curves by linear regression of the ¢rst three points
and used the value for the maximal amount of cyanide bind-
ing sites calculated by non-linear regression analysis of the
complete titration curve under normoxic conditions (accord-
ing to [16]). Using this procedure we observed at 190 WM
oxygen a £ux control coe⁄cient of cytochrome c oxidase of
0.14 and at 130 WM oxygen a £ux control coe⁄cient of 0.38.
Similar experiments at di¡erent oxygen concentrations in
the chamber were performed also with isolated mitochondria.
From all titration curves we calculated the cytochrome c oxi-
dase £ux control coe⁄cients and plotted the values versus the
oxygen concentration (Fig. 3). It is remarkable that the £ux
control coe⁄cient of cytochrome c oxidase on maximal respi-
ration £ux (succinate+rotenone) in isolated mitochondria
above 10 WM oxygen is below 0.3, approaching under nor-
moxic conditions, in agreement with previous reports [7,8], a
value of about 0.2 (¢lled circles, solid line). For saponin-per-
meabilized ¢bers this dependence of cytochrome c oxidase £ux
control is shifted to much higher oxygen concentrations (open
circles, dotted line). Already at about 130 WM oxygen in the
measurement chamber the £ux control of cytochrome c oxi-
dase approaches values of 0.4.
In Table 1 the calculated P50 values for oxygen from max-
imal rate measurements (according to Fig. 1) or from £ux
control determinations of cytochrome c oxidase (according
to Fig. 3) are summarized. Obviously, the P50 values are about
3-fold greater when calculated from the oxygen dependence of
£ux control coe⁄cients (P50mito = 6.6 WM and P50fiber = 95 WM)
than from the oxygen dependence of maximal rates (P50mito =
2 WM and P50fiber = 33 WM). This result is in line with the con-
cept of metabolic control analysis that the e¡ect of an enzyme
activity change on the maximal £ux rate through a linear met-
abolic pathway becomes detectable if the £ux control coe⁄-
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Fig. 2. Cyanide titration of the maximal succinate oxidation rate of
saponin-permeabilized mouse quadriceps ¢bers at two di¡erent oxy-
gen concentrations in the medium. 1 mg dry weight saponin-per-
meabilized ¢bers at 190 WM oxygen (open circles) or at 130 WM
oxygen (¢lled circles) in the medium for respiration containing addi-
tionally 10 mM succinate, 10 WM rotenone and 1 mM ADP. To
keep the oxygen concentration in the chamber nearly constant oxy-
gen-equilibrated cyanide solutions were used for the titration experi-
ments. Using non-linear regression [16] titration curves were ¢tted
to the experimental points with the following parameters: Open
circles ^ £ux control coe⁄cient (Ci) = 0.14, maximal amount of in-
hibitor (Imax) = 6.9 WM, dissociation constant of the inhibitor
(Kd) = 0.35 WM, initial rate of respiration (J) = 25.0 nmol O2/min/mg
dry weight; ¢lled circles ^ Ci = 0.38, Imax = 6.6 WM, Kd = 0.4 WM,
J = 23.9 nmol O2/min/mg dry weight.
Fig. 1. Oxygen dependence of succinate oxidation of isolated mouse
muscle mitochondria (¢lled circles, right scale) and saponin-permea-
bilized skeletal muscle ¢bers (open circles, left scale). 0.025 mg/ml
mitochondria or 1 mg dry weight ¢bers in the medium for respira-
tion measurements, respectively, containing additionally 10 mM suc-
cinate and 10 WM rotenone. The di¡erent oxygen concentrations
were adjusted by equilibration of the medium with an oxygen/argon
mixture. The maximal respiration was adjusted by the addition of
1 mM ADP.
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cient of this enzyme approaches values close to unity [18,19].
Therefore, Fig. 3 suggests that e¡ects on the maximal rates
should be observed in mitochondria at oxygen concentrations
below 3 WM and in ¢bers at oxygen concentrations below 60
WM, which is in agreement with the results presented in Fig. 1.
These data indicate that the in£uence of small activity
changes of cytochrome c oxidase on tissue energy metabolism
crucially depends on the oxygen concentration within the tis-
sue. In agreement with earlier reports with isolated cardiac
myocytes [17] we observed a strong oxygen dependence of
maximal rates of respiration of saponin-permeabilized muscle
¢bers. This phenomenon is most probably caused by oxygen
di¡usion gradients within the ¢ber lattice [17,20]. In agree-
ment with the larger di¡usion distances in skeletal muscle
¢bers (the diameter of a bundle of three mouse muscle ¢bers
is about 100 Wm, the diameter of a cardiomyocyte is in the
order of 20 Wm [20]) the P50 values for maximal respiration of
¢bers (33 þ 13 WM) are about 5-fold higher than of isolated
cardiomyocytes (6^8 WM [17]). This oxygen dependence
strongly a¡ects the controlling in£uence of cytochrome c oxi-
dase on mitochondrial oxidative phosphorylation at physio-
logical oxygen concentrations in the muscle tissue. Below 50
WM oxygen the £ux control coe⁄cient of the enzyme becomes
close to unity, e.g. cytochrome c oxidase is nearly exclusively
rate controlling (cf. Fig. 3, open circles).
Since saponin-permeabilized muscle ¢bers are a model of
mitochondrial function in skeletal muscle under in situ-like
conditions [13,14], the observed oxygen dependence of cyto-
chrome c oxidase £ux control can explain the pathological
phenotypes of mild cytochrome c oxidase de¢ciencies in
muscle, reported for mitochondrial diseases [4^6], aging [10],
neurodegenerative diseases [12] and cytochrome c oxidase de-
¢cient mice [11]. Under normoxic conditions these de¢ciencies
(about 50% of the control activity) do not a¡ect the maximal
rate of respiration of saponin-permeabilized skeletal muscle
¢bers [6,11]. Only a two-fold increase of the £ux control co-
e⁄cient of cytochrome c oxidase was reported [6,11]. How-
ever, at lower physiological oxygen concentrations, when the
£ux control exerted by cytochrome c oxidase increases, mild
de¢ciencies of this enzyme obviously can a¡ect the mitochon-
drial ATP production rate. In addition, our data indicate that
at these oxygen concentrations modulators of cytochrome c
oxidase activity (like NO [21] or adenine nucleotides [22])
should contribute to the regulation of mitochondrial oxidative
phosphorylation in skeletal muscle.
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Fig. 3. Oxygen dependence of the £ux control of cytochrome c oxi-
dase on succinate oxidation in isolated mouse muscle mitochondria
(¢lled circles) and saponin-permeabilized skeletal muscle ¢bers (open
circles). The £ux control coe⁄cients were calculated from cyanide ti-
tration experiments at di¡erent oxygen concentrations in the meas-
urement chamber (cf. Fig. 2). The calculations were performed on
the basis of Eq. 1.
Table 1
P50 values of maximal respiration rates and £ux control coe⁄cients of cytochrome c oxidase for oxygen
Isolated mitochondria Saponin-permeabilized ¢bers
Maximal rate of respiration 2 þ 0.5 WM 33 þ 13 WM
Flux control coe⁄cient 6.6 þ 1.4 WM 95 þ 15 WM
The P50 values of maximal respiration rates and £ux control coe⁄cients of cytochrome c oxidase were calculated from the plots of the oxygen
dependence of maximal rates in Fig. 1 and the oxygen dependence of £ux control coe⁄cients in Fig. 3, respectively.
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